Conventional methods for hollow cylinder apparatus (HCA) specimen preparation are not applicable for TJ-1 lunar soil simulant due to its wide particle size distribution. A novel method to prepare uniform TJ-1 specimen for HCA tests is put forward. The method is a combination of the multi-layering dry-rodding method and a new under-compaction criterion in the multi-layer with under-compaction method (UCM). In the novel method, the specimen is prepared with 5 layers by dry-rodding and the UCM is used to determine the height after each layer is compacted. The density uniformity of specimen is evaluated by the freezing method to find out the best under-compaction criterion. Two HCA specimens with the same target density are prepared by the novel method and examined in the tests of pure rotation of the principal stresses. Their conformable mechanical behaviors ascertain the effectiveness of the method to produce uniform and reproducible HCA specimens. Four groups of HCA tests are carried out to investigate the anisotropic and non-coaxial behaviors of TJ-1 lunar soil simulant. The results indicate that the principal stress direction, the deviator stress ratio, the stress level and the coefficient of the intermediate principal stress significantly influence the strength and deformation properties of TJ-1 lunar soil simulant.
Introduction
 TJ-1 lunar soil simulant was invented at Tongji University, China, to construct grounds for preparatory impact tests of lunar exploration lander in the earth environment . Good knowledge of the mechanical behaviors of TJ-1 lunar soil simulant under complex stress conditions is required when analyzing the interaction between the lander and simulant soils (Jiang and Sun, 2009) .
Hollow cylinder apparatus (HCA) is an advanced laboratory experimental device, which can control the three principal stresses and the rotation of the maximum-minimum principal stress independently Doi: 10.3724/SP.J.1235 .2012 .00312 * Corresponding author. Tel: +86-21-65980238; E-mail: mingjing.jiang@tongji.edu.cn Supported by the China National Funds for Distinguished Young Scientists (51025932), the National Natural Science Foundation of China (51179128), and Program of Shanghai Academic Chief Scientist (11XD1405200) based on the inner cell pressure, outer cell pressure, torque and axial load, as shown in Fig. 1 . HCA facilitates studies of the effects of principal stress rotation on soil behaviors under various stress paths defined by different kinds of loads, such as traffic, earthquake, impact and wave loads. Therefore, HCA would be used to examine the anisotropic and non-coaxial behaviors of dry TJ-1 lunar soil simulant.  is the average shear stress; R and r are the outer and inner radii of the specimen, respectively; and  is the principal stress rotation angle.
Since it is technically difficult and expensive to obtain undisturbed sand samples, reconstituted samples are usually used in HCA tests. However, how to prepare uniform and reproducible specimen and how to verify the uniformity of the prepared specimen remain two main difficulties in laboratory tests. Although much progress has been made to prepare homogeneous sand samples, these methods are only effective for those with relatively small and uniform particles, such as Toyoura sand and Fujian standard sand. To our knowledge, sample preparation method is rarely reported for sands with wide particle size distribution and with large particles, such as TJ-1 lunar soil simulant with uniformity coefficient C u =21.5 . Hence, it is necessary to develop an efficient preparation method for the dry TJ-1 lunar soil simulant, since the homogeneity of a sample may invoke significant influence on its mechanical responses (Emery et al., 1973; Gilbert, 1984; Thomson and Wong, 2008) , and the preparation of reproducible and uniform specimens in an efficient manner is the precursor to obtain reliable results in subsequent HCA tests on TJ-1 lunar soil simulant.
The main objective of this paper is to introduce a novel HCA specimen preparation method which is effective for sands with large uniformity coefficient like TJ-1 lunar soil simulant. For this purpose, previous preparation methods of cylinder specimens are reviewed, among which the multi-layering dry-rodding method is highlighted as an appropriate method for the TJ-1 lunar soil simulant. Then, a new undercompaction criterion is discussed and applied as a reasonable criterion in the framework of undercompaction method. The way to apply the novel method is discussed, by which two specimens with the same density are produced and tested. The test results of the two specimens verify the effectiveness of the method to produce uniform and reproducible HCA specimens. Finally, a series of HCA tests are carried out to investigate the strength and deformation properties of TJ-1 lunar soil simulant.
TJ-1 lunar soil simulant
Since the amount of real lunar soils is limited and not enough to be used in large-scale research like landing impact tests, lunar soil simulants are often used alternatively. Lunar soil simulants refer to the soils specifically developed on earth with similar mineral composition and physico-mechanical properties to that of real lunar soils. Some simulants have been developed and widely used in lunar-related researches (Perkins and Madson, 1996; Kanamori et al., 1998; Alshibli and Hasan, 2009 ). In China, simulants, for instance CAS-1 and NAO-1, have also been produced (Fan et al., 2007; Li et al., 2008; Li et al., 2009; Zheng et al., 2009) .
TJ-1 lunar soil simulant is a kind of granular material considered as an ideal substitute of lunar regolith Jiang et al., , 2012d . TJ-1 lunar soil simulant has been used in the preparatory impact tests of lunar landers of the Chinese Lunar Exploration Program (Jiang and Sun, 2009 ). The raw materials of the simulant are red volcanic ashes obtained from Jingyu County, Jilin Province, China. Fig. 3 displays two scanning electron microscope (SEM) photographs of TJ-1 lunar soil simulant particles. As shown in Fig. 3 Fig. 4 presents the particle size distribution of TJ-1 lunar soil simulant. In Fig. 4 , the upper and lower bounds are the gradation curves of lunar soil samples taken back in Apollo Program (Mitchell et al., 1972; Carrier, 2003; Chang and Hicher, 2009) . (Mitchell et al., 1972; Carrier, 2003; Chang and Hicher, 2009). preparation in HCA tests, which will be discussed below.
In-situ and laboratory tests have been performed and the results indicate that TJ-1 lunar soil simulant has an internal frictional angle as high as 45° when e = 1 Jiang et al., , 2012d . Therefore, TJ-1 lunar soil simulant is advantageous over other simulants in the literature when high shear strength is desired.
In the preparatory impact tests, the interaction between the lander and lunar soils is an important factor in the lander design, in which a good knowledge of the mechanical behaviors of lunar soil simulant is critically essential.
On the other hand, the distinct element method (DEM) is a powerful tool to analyze the complex mechanical behaviors of soils (Cundall and Strack, 1979) . Numerical simulations of TJ-1 lunar soil simulant have been carried out by the DEM incorporating van der Waals forces between soil particles, including the fundamental mechanical features of lunar soils (Zheng et al., 2011; Jiang et al., 2012a) , excavation on lunar surface (Jiang et al., 2012b) , and the interaction between lunar soils and lunar vehicle wheel (Jiang et al., 2012c) .
Apart from numerical simulations, laboratory tests are to be conducted for a better understanding of TJ-1 lunar soil simulant. Previous studies in geotechnical engineering concluded that the rotation of principal stresses has significant effects on the strength and deformation behaviors of soils due to anisotropic and non-coaxial behaviors of real deposits (Oda et al., 1978; Chaudhary et al., 2002) . In conventional triaxial tests, only behaviors under simple stress paths are studied, and it is necessary to investigate the behaviors of TJ-1 lunar soil simulant under more general and realistic stress conditions with advanced experimental Particle diameter (mm) apparatus for the possible exploration of the moon. A dynamic HCA in Tongji University, made by GDS Instruments Ltd., will be used to study the mechanical properties of dry TJ-1 lunar soil simulant. The specimen used in this apparatus is 60 mm in inner diameter, 100 mm in outer diameter, 200 mm in height, and 20 mm in thickness. Lots of homogeneous specimens with different target densities are needed in the tests, for which an efficient specimen preparation method should be developed.
Previous preparation methods of cylinder sand specimens
In the past decades, many methods have been reported to prepare cylinder sand specimens, which can generally be classified as the pluviation methods and the multi-layering methods.
Pluviation methods
In these methods, sands are rained into a mold from a designated height by a spoon or specially designed rainers (Rad and Tumay, 1987) . These methods provide various desired densities by changing the fall height and sand discharge rate. The raining process can be performed in the air, through water or under vacuum conditions which have been widely used to prepare HCA specimens (Wijewickreme and Vaid, 2008; Lade et al., 2009 ) and triaxial specimens (Lagioia et al., 2006; Wood et al., 2008) . The density under vacuum condition is the largest among the three ways (Lagioia et al., 2006) . However, it would be less efficient and unwise to search the best combination of discharge rate and fall height by trial and error for a designated density.
The reported applications of the pluviation methods are mainly for sands with relatively small uniformity coefficient u ( ) C , for example, Wijewickreme and Vaid (2008) used this method for medium Ottawa sand with u 1.9 C  . If such a method is employed in our study, the highly non-uniform particle size distribution, the angular shapes and rough surfaces of TJ-1 lunar soil simulant particles may provoke strong inter-particle locking and arching effects that resist particles to deposit into a dense state. Generally, a denser state is achieved by vibrating or tapping the side or base of the mold. However, the vibrating and tapping may segregate TJ-1 lunar soil simulant particles since small particles tend to sink and large particles tend to float. Thereby, the pluviation methods may not produce uniform samples of TJ-1 lunar soil simulant with a desired density.
Some improved methods based on the pluviation methods were also used to prepare triaxial specimens, e.g. the water sediment method (Thomson and Wong, 2008; Wood et al., 2008) , the dry-funnel deposition (Wood et al., 2008) , the dry screening method (Wood et al., 2008; ASTM, 2011) , the mixed dry deposition (Wood et al., 2008) and the slurry deposition (Wood et al., 2008) . It is worth mentioning that Miura and Toki (1982) prepared triaxial specimens of Toyoura sand using multiple sieving pluviation apparatus (MSP method) . This method could provide various desired densities by exclusively changing the rate of sand discharge without vibration or impact. The fall height has little influence on density in this method. Hence, the MSP method proves to be effective for sands with low uniformity coefficient but may not be suitable for TJ-1 lunar soil simulant for its highly non-uniform particle size. When TJ-1 lunar soil simulant flows out of a hopper and through the multiple sieves, severe segregation of particles occurs due to the collisions between particles and sieves. Thus, it is not appropriate to use sieves to prepare a uniform specimen in this study.
Multi-layering methods
These methods differ from the pluviation methods in the way that the specimen is formed not by one-time raining process but by several layers. After each layer is delivered in the mold, tapping, vibrating, tamping or rodding can be applied to achieve a desired density.
In the vibrating method, the mold is vibrated to compact the specimen to a prescribed density (ASTM, 2011) . The tamping method differs by using a hand tamp tool to compact on the surface of each layer until a desired density is reached. The damp tool is about half size of the specimen diameter (Mulilis et al., 1978; ASTM, 2011) . In the rodding method, sands are first delivered into a mold by layers and a rod is forced through the deposited layers to approach the desired density (Baker, 1976; Mulilis et al., 1978; Chaudhary et al., 2002; Papadimitriou et al., 2005) . The size of the rod is much smaller than the tool in the tamping method, for instance 0.95 cm (Mulilis et al., 1978) . Chaudhary et al. (2002) explained: "The dry rodding method was mainly designed to produce a relatively isotropic sample by destroying any preferred orientation of sand particles in the air pluviation method." However, the above methods are mainly used to prepare triaxial specimens. Only a few applications were reported to prepare HCA specimens using the multi-layering methods, among which Xu (2006) prepared dry HCA samples by the tapping method.
The vibrating and tapping method may cause severe segregation of different size particles in TJ-1 cylinder specimen. The applicability of tamping instrument to dry TJ-1 lunar soil simulant needs further exploration. The anticipated difficulty of the tamping method lays in the particle shapes, because concentrated tamping on TJ-1 cylinder specimen may force particles with sharp ends to penetrate through the membrane. Moreover, tamping under dry condition may lead the soil difficult to reach a relatively dense state. The rodding method is helpful in both achieving a desired density and releasing possible inner stresses caused by the inter-particle locking and arching effects.
In the multi-layering methods, the height of each layer is traditionally controlled to be identical, in which the compaction energy transfer to lower layers is ignored. Ladd (1978) recommended the undercompaction method (UCM) to compact sands to a wide range of relative densities. The UCM defined a percent under-compaction for each layer and was widely used in the multi-layering methods since proposed (Erten and Maher, 1995; Consoli et al., 2005; Thomson and Wong, 2008) . However, since Ladd's method has some practical and physical defects as Jiang et al. (2003) emphasized, this method will not be employed in the study. Instead, a reasonable under-compaction criterion will be investigated.
4 Novel preparation method for TJ-1 HCA specimens
Scheme of novel preparation method
It is known that sample preparation method has significant effects on mechanical responses of sands (Baker, 1976; Chaudhary et al., 2002; Wood et al., 2008) . In addition, the previous section shows that the traditional methods of preparing cylinder samples are not directly applicable to TJ-1 lunar soil simulant because of its wide particle size distribution and sub-angular particle shape. We introduce a novel preparation method which incorporates the multilayering dry-rodding method with a reasonable under-compaction criterion. Since TJ-1 HCA specimen is expected to be tested in dry condition which corresponds to the lunar environment, the multilayering dry-rodding method is adopted to compact the deposited specimen to a desired density.
The main procedure to prepare a uniform HCA specimen is shown in Fig. 5 . A new under-compaction criterion, originally in the multi-layer with UCM , is adopted at first to give a group of void ratios, by which a specimen is prepared layer by layer (5 layers in the study) using the multi-layering dry-rodding method. The uniformity of the specimen will be checked by evaluating the distribution of densities using the freezing method. A loop process Evaluate the uniformity of the specimen is used to obtain the best group of void ratios for the 5 layers, which yields the most uniform specimen. HCA specimen can then be prepared using the best group of void ratios with identical multi-layering dry-rodding method. The reproducibility of the method would be checked by parallel tests on two dry specimens of the same target void ratio.
New under-compaction criterion in UCM
In the multi-layering dry-rodding method, it is generally acceptable that the required height of the specimen after the compaction of n-th layer, n h , can be calculated by
where t h is the height of the desired specimen, t n is the total number of layers, and n is the number of the layer being calculated.
However, it has been observed that the specimen density decreases from the bottom layer to the top layer in the traditional multi-layering method. This is possibly related to the fact that part of energy transfers from the upper layers downward and compresses the lower layers. Ladd (1978) introduced the conception of under-compaction to overcome the difficulty in preparing homogeneous samples. However, Ladd's method gives the height of individual layer which is difficult and inaccurate to be controlled . By contrast, the total height is easy to be measured after the n-th layer is compacted and should be used as a controlling index. Based on this idea, a reasonable under-compaction criterion has been proposed to generate homogeneous specimens in the DEM analyses .
The new under-compaction criterion can help eliminate non-uniformity of specimen and deserves a brief introduction. In the DEM simulations, a particle assemblage is generated by multi-layer, 5 layers for instance, and the amount of particles of each layer is identical. In order that the planar void ratio (twodimensional analysis) of the specimen is uniformly distributed and equal to the target one, 0 e , the bottom layer, Layer 1, is compacted to a void ratio p(1) e which is larger than 0 e ; likewise, the second layer, Layer 2, is compacted until the average void ratio of the first two layers p(1+ 2) e is smaller than p(1) e but larger than 0 e ; the procedure is repeated for Layers 3 and 4. The last layer, Layer 5, should be compacted to meet the requirement of 
The UCM takes into consideration the energy transferred from upper layers to lower layers and provides modification on the void ratio of each layer. This method is proved to be an efficient technique to generate both loose and dense specimens with good uniformity in numerical analysis. It is one of the motivations to employ the new criterion in UCM, originally proposed for numerical analyses, for sample preparation in laboratories.
In the new method, TJ-1 lunar soil simulant is pluviated into the HCA specimen mold by 5 layers. From Eq. (2), a group of void ratios can be determined using the initial void ratio p(1) e and the target void ratio 0 e . The target 0 e here is set to be 1. Hence, different values of p (1) e correspond to different groups of void ratios. The initial void ratio p (1) e is closely related to the extent to which energy transfers from upper to lower layers. Thereby, the uniformity of a specimen is affected by p(1) e . Both underestimation and overestimation may produce large scatters in density along specimen height. The best group of void ratios corresponds to an appropriate estimation of energy transfer, and thus corresponds to the most satisfactory uniformity. Usually, the best group of void ratios is determined by trial and error from specimens generated at different initial void ratios of p (1) e , as the scheme shown in Fig. 5. 
Verification on uniformity of specimen density
Up to now, the common aim of specimen preparation is to produce samples with a desired average density, whose uniformity is not examined. On the other hand, there are convincing studies indicating that the uniformity of samples has significant influence on the strength and deformation behaviors of soils (Emery et al., 1973; Gilbert, 1984; Thomson and Wong, 2008) . This shows that specimens should be examined on their uniformity before any further tests. Note that it is impossible and unnecessary to prepare a specimen in which the fabric is perfectly isotropic under the effect of gravitation in laboratory tests (Miura and Toki, 1982 ). This is because particle alignment of naturally deposited sands prefers long axes parallel to the bedding plane, which contributes to the inherent anisotropy (Oda et al., 1978) . Thereby, the uniformity is examined in this paper in terms of densities at different parts of a specimen. In general, there are two ways to evaluate the density uniformity of a specimen, i.e. the non-destructive method and the destructive method.
Computed tomography (CT) is a non-destructive technique that has been designed originally for medical purpose and was applied to soil science and geotechnical engineering in recent years. CT can help to elucidate internal information in a soil specimen, for instance, mass density and void ratio distribution. Mooney (2002) used X-ray scanning to reconstruct images of spatial porosity distribution and the variation in macro-porosity along the height of a cylinder clay specimen. The resolution in each dimension was 0.46 mm. Viggiani et al. (2004) applied X-ray absorption tomography to observe cross-sectional tomographic slices of a clayey silt specimen.
Magnetic resonance imaging (MRI) is another non-destructive technique by which the distribution of water can be visualized and hence the void distribution can be calculated (Ng et al., 2006) .
CT and MRI can provide the information for the distribution of mass density, porosity or void ratio which could be used to evaluate the uniformity of particle distribution. However, these techniques are costly and complicated, and the setup of special devices and modification of traditional geotechnical experiment apparatus are required. Moreover, the information given by the techniques is qualitative, and it needs to be quantitatively linked with the density of the material by digital image processes.
The destructive method takes various parts out from a specimen to obtain the distributions of certain properties by studying each individual part. However, sands are granular materials with no inter-particle bonding effects as those in clayey soils. Thus, the destructive method solidifies sand specimen with gelatin or epoxy resin at first to keep the particle distributions intact. Then the specimen can be sliced into sections along the height and the density of several sections can be obtained to evaluate specimen uniformity along the height (Emery et al., 1973; Oda et al., 1978; Al-Shibli et al., 1996) . In addition, the micro-structures and fabric characteristics can be retrieved and analyzed using digital imaging techniques. For granular sands, the solidifying process can also be achieved by the freezing method to preserve the micro-structures (Gilbert, 1984; Shi et al., 1999) , after which the frozen specimen can be partitioned to evaluate the bulk density of each block. This method is easy and cheap to be applied.
Hence, the destructive method was used here to directly measure the density at different sections of a specimen, which is saturated and frozen using the freezing method beforehand. The procedure of verification on specimen uniformity used in this paper will be described.
Determination of the best group of void ratios
The new under-compaction criterion in UCM is to be implemented using the best group of void ratios, which can be determined by the method of trial and error from specimens prepared in a HCA mold at different initial void ratios of p (1) e . However, for the convenience of saturating and freezing, not a HCA mold but a saturator with a diameter of 101 mm and a height of 200 mm was used to determine the best group of void ratios. Note that the saturator shares nearly the same diameter and height with a HCA mold, though a hollow of 60 mm in diameter exists in the HCA mold. We assumed that the best group of void ratios determined from the specimens was prepared in a saturator compatible with that in a HCA mold.
The void ratio of each layer obtained from the new under-compaction criterion was used to obtain the corresponding density and height. In this paper, the target void ratio of HCA specimen is 0 1 e  , and the initial void ratio p (1) e is chosen to be 1, 1.03, 1.05, 1.07 and 1.1, respectively. The calculated void ratio and corresponding height, after each layer is prepared, are listed in Table 1 , where Layer 1 denotes the bottom layer. When p (1) 1 e  , the under-compaction conception was not employed. The most satisfactory group of void ratios will be chosen from the five trial sets.
The detailed procedure to determine the best group of void ratios is described as follows:
(1) The dry TJ-1 lunar soil simulant for a sample was divided into 5 partitions with each mass of 427 g.
(2) Each layer of the specimen was produced by means of a uniform dry air pluviation through a hopper. The hopper was rotated around the vertical axis of the mold so that the simulant can be evenly delivered horizontally. The fall height and discharge rate were kept constant for each layer. Note that the fall height and discharge rate might not be controlled strictly as discussed in the pluviation method, because the uniformity of a specimen is not necessarily determined by the two factors but by the next rodding process in our method.
(3) The top surface of each layer was trowelled and the height was measured at 5 points. The average height was compared with the target height listed in Table 1 . Then the specimen was densified by dryrodding through the layers with a thin rigid wire until the target height was achieved.
(4) After the whole specimen was prepared, a filter paper and a porous stone were carefully placed on the top of the mold to seal the specimen. The mold was then put into a vacuum container and a negative pressure of -80 kPa was applied to exhaust air in the container. After that, distilled water was injected into the container to saturate the specimen and the negative pressure was kept constant. After being kept in the container over 5 hours, the specimen was taken out and kept in a freezer for 24 hours at temperature of -40 C.
(5) The mold was then disassembled and the frozen specimen was cut equally into 4 blocks with an electric motor saw at positions marked with dashed line, as shown in Fig. 6, as 1, 2, 3 and 4. The mass of each block was weighted immediately after a little melt ice and related particles were removed. The volume of each block was obtained by measuring the change of liquid surface when the frozen specimen block was put into a glass graduate, in which a mixture of alcohol and water that has a relatively low freezing point is placed. Note that the volume of the liquid mixture remains nearly constant in time when its temperature drops due to the frozen blocks.
(6) The uniformity of densities was evaluated among the 5 specimens. Fig. 7 presents the distributions of saturated densities and their standard deviations (s) obtained from the 5 specimens. Note that the uniformity of saturated densities is equivalent to that of dry densities. In Fig. 7 , the most satisfactory uniform specimen comes from the group of void ratios with p(1) 1.05 e  , which is marked with solid line. The target heights after dry rodding of each layer are 4.2, 8.4, 12.5, 16.4 and 20 cm, respectively. This group of void ratios will be used to prepare HCA specimens of TJ-1 lunar soil simulant. Although more trials can be made to find out a possibly better group of void ratios, we did not continue the work since the deviation of void ratios along height is small enough (standard deviation s= 0.035) for p(1) 1.05 e  .
Preparation of TJ-1 HCA specimens
The specifically designed instruments by GDS Instruments Ltd. to prepare HCA specimens are shown in Fig. 8 . The detailed procedure to prepare a TJ-1 HCA specimen is illustrated in Fig. 9 and described as follows:
a-outer mold; b-inner mold; c-bar to support inner mold; d-hoop ring; e-base pedestal; f-bolts; g-top cap; h-outer membrane; i-O-ring (for inner membrane); j-ruler as a reference (30 cm); k-inner membrane; l-O-ring (for outer membrane) (1) Two inner membranes (k in Fig. 8) were fixed into the bottom of the base pedestal (e in Fig. 8 ) and sealed with four bolts (f in Fig. 8 ). The two inner membranes were used to prevent possible membrane penetration by the sharp ended particles of TJ-1 lunar soil simulant. Kiekbusch and Schuppener (1977) reported that double inner membranes will not cause significant influence on the test results.
(2) An inner split mold (b in Fig. 8 ) was inserted into the pedestal and propped up by a bar (c in Fig. 8 ) which was scrolled into the whorl at the center of the pedestal. Then the two inner membranes were stretched against the outside of the inner mold.
(3) An outer membrane (h in Fig. 8 ) was fixed on the base pedestal by two O-rings (l in Fig. 8 ) and the outer spilt mold (a in Fig. 8 ) was assembled on the base pedestal and hooped from outside by a metal ring (d in Fig. 8 ) at its half height. The outer membrane was stretched against the inside of the outer mold. The upper end of the outer membrane, which protruded above the mold, was overturned against the outside of the outer mold. Note that the outer membrane should not be stretched too tight to avoid any detachment from the mold that would make the specimen difficult to form a uniform diameter along the height. Moreover, a tight membrane may cause non-ignorable interlocking stresses in the specimen.
(4) The dry TJ-1 lunar soil simulant for a sample of the target void ratio 0 1 e  was divided into 5 partitions with a mass of 273.3 g for each. The multilayering dry-rodding method was used to prepare HCA specimen in layers with the best group of void ratios determined in the previous section. After each layer of the specimen was produced, the outer membrane was released from the outer mold so that the possible stress caused by the tension of membrane within the specimen can be eliminated at each layer.
(5) After the whole specimen was produced, a top cap (g in Fig. 8 ) was gently placed on top of the specimen. The two inner membranes were rolled up around the inner rim of the top cap and sealed with one O-ring (i in Fig. 8 ). In this process, two thin rigid wires were placed on top of the outer mold to keep the top cap horizontally steady and prevent axial loading on specimen. (6) The upper and lower drainage tubes were connected to a vacuum pump and a negative pressure of -5 kPa was applied. The two wires were then removed and the outer membrane was sealed on the top cap with two O-rings (l in Fig. 8 ). The vacuum pressure is applied for the convenience of adjusting and stretching the outer membrane by eliminating possible membrane wrinkle when the specimen is afterwards loaded by inner and outer pressures.
(7) A greater vacuum pressure of -20 kPa was employed to give the specimen stiffness. The outer and inner molds were disassembled and the specimen was seated into the pressure chamber of a HCA. A pressure of 20 kPa was applied from the inner and outer cells respectively and then the vacuum pressure was removed.
Procedure (6) in Fig. 9 illustrates a finished HCA specimen of TJ-1 lunar soil simulant. It is observed that the outer diameter is uniform along the height of the specimen; there is no apparent membrane penetration and wrinkle and the particle distributions are sound without obvious segregation.
Verification on reproducibility of the novel method
Two dry TJ-1 HCA specimens of the same target void ratio 0 1 e  were prepared to verify the reproducibility of this method. The parallel tests on the two specimens followed the stress path in the pure rotation of maximum-minimum principal stress axes from 0° to 90° with constant principal stresses, i.e. the deviator stress q = 86.6 kPa, the mean stress p = 100 kPa, and the coefficient of the intermediate principal stress b = 0.5. In this paper, p, q and b are expressed as follows: Fig. 10 shows the three principal strains of the two specimens against the principal stress rotation angle, . The sign conventions of stress and strain in soil mechanics are adopted in this paper, i.e. positive indicating compression and negative indicating tension. The principal strains of the two specimens are in satisfactory conformity with each other as  increases from 0° to 90°. Fig. 11 displays the generalized shear strains of the two specimens versus the principal stress rotation angle, in which the strains also demonstrate good conformity. The generalized shear strain is defined as
where 1  , 2  and 3  are the three principal strains. are certainly random scatters in terms of density uniformity caused by personal operations. However, the two specimens prepared by the novel method with the same target density exhibited quite similar mechanical responses and thus verified the uniformity of the specimens and the reproducibility of the novel method.
HCA tests on TJ-1 lunar soil simulant
Four groups of tests on dry TJ-1 HCA specimens prepared by the novel method were carried out, as listed in Table 2 . These tests examined the effects of the major principal stress direction , the deviator stress ratio  (q/p), the stress level and the coefficient of the intermediate principal stress b on strength and deformation properties of TJ-1 lunar soil simulant. The rotation rate of the principal stress was 0.1° per second in all tests.
In group 1, p, b and  were kept constant while q increased from 10 kPa until failure of the specimen. Three specimens were tested with p = 100 kPa, b = 0.5, and  = 15°, 45° and 75°, respectively. Fig. 12 displays that the shear strain ( z  ) increases with the generalized shear stress that is defined as
The shear strains of the specimens loaded in three major principal stress directions are quite different under the same generalized shear stress. In addition, the generalized stress and shear strain at failure are the largest with  = 45° among the three directions and the smallest with  = 15°. This indicates the anisotropic strength and deformation behaviors of TJ-1 lunar soil simulant.
In group 2, three tests were carried out where q was chosen to be 43, 86.6 and 99 kPa, respectively. In each test, the principal stress rotated from 0° to 90° while p remained 100 kPa and b remained 0.5. Fig. 13 shows that the rotation of principal stress causes volumetric strain which increases with the principal stress direction. The largest volumetric strain was observed with q being 99 kPa while the smallest one with q being 43 kPa. This indicates that the deviator stress has a significant influence on the deformation behaviors of TJ-1 lunar soil simulant. Fig. 12 Effects of principal stress direction on TJ-1 lunar soil simulant behaviors (p=100 kPa, b=0.5, q increases to failure). In group 3,  = 0.866 and b = 0.5 were kept constant when the principal stress direction increased from 0° to 90° in the three tests, which corresponded to the conditions with p = 50, 100 and 200 kPa, respectively. Fig. 14 illustrates the volumetric strain versus the principal stress direction where the rotation of principal stress results in the increase of the volumetric strain. It is observed that the volumetric strain increases significantly as mean stress increases from 50 to 200 kPa. This indicates that the stress level impacts the deformation behaviors of TJ-1 lunar soil simulant. In group 4, three tests were carried out with b equal to 0.2, 0.5 and 0.9, respectively. For each test, the principal stress rotation started from 75° and ended at -75° during which p was maintained at 100 kPa and q=43 kPa. Fig. 15 shows the variation of volumetric strain against the principal stress direction. The volumetric strain increases during the rotation from 75° to -22°, and decreases as rotation continues to -75°. As b decreases from 0.9 to 0.2, the volumetric strain increases significantly, implying the effect of b on deformation behaviors of TJ-1 lunar soil simulant. Moreover, the volumetric strain is not symmetric, and the centric rotation angle  is about 0°, due to the accumulated plastic deformation of HCA specimens.
The results of HCA tests on TJ-1 specimens indicate that the strength and deformation behaviors of TJ-1 lunar soil simulant depend on the direction of the principal stress and apparent anisotropic behaviors are observed in HCA tests. The deviator stress ratio, stress level and coefficient of the intermediate principal stress also influence the deformation behaviors of TJ-1 lunar soil simulant. In addition, rotation of the principal stress causes plastic strain in TJ-1 HCA specimen. More experiments should be performed to investigate the anisotropic and non-coaxial behaviors of TJ-1 lunar soil simulant. 
Conclusions
A novel method to prepare uniform and reproducible HCA specimens of TJ-1 lunar soil simulant was proposed. This method is a combination of the multi-layering dry-rodding method and a new under-compaction criterion in UCM. The 20 cm high specimen was prepared in layers (5 layers in total) by the multi-layering dry-rodding method. According to the new criterion, the heights of the compacted layers were 4.2, 8.4, 12.5, 16.4 and 20 cm, respectively. This set of heights was selected to yield the most satisfactory uniformity by evaluating the distributions of densities from 5 cylinder specimens using the freezing method.
The procedure of HCA specimens' preparation was discussed in details. Parallel tests on two specimens with the same target density demonstrate the uniformity of TJ-1 HCA specimen and the satisfactory reproducibility of the novel method. This method provides an important guarantee for the HCA tests on TJ-1 lunar soil simulant and a reference for HCA tests on other soils.
Four groups of HCA tests were carried out to examine the anisotropic and non-coaxial behaviors of TJ-1 simulant. The results indicate that the principal stress direction, the deviator stress ratio, the stress level and the coefficient of the intermediate principal stress have significant effects on the strength and deformation properties of TJ-1 lunar soil simulant. comments on this paper.
